Conformal Symmetry and Pion Form Factor: Space- and Time-like Region 
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We extend a recent analysis of the pion electromagnetic form factor constrained by the conformal 
symmetry to explore the time-like region. We show explicitly that the time-like form factor obtained 
by the analytic continuation of the space-like form factor correctly satisfies the dispersion relation. 
Our results indicate that the quark spin and dynamical mass effects are crucial to yield the realistic 
features of the vector meson dominance phenomena. 
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I. INTRODUCTION 

One of the most significant theoretical advances in re- 
cent years has been the application of AdS/CFT cor- 
respondence [l[ between string theories defined on the 
5-dimensional Anti-de Sitter(AdS) space-time and con- 
formal field theories(CFT) in physical space-time. Al- 
though QCD is not itself a conformal theory, it may pos- 
sess an approximate conformal symmetry in the domain 
where the QCD coupling is approximately constant and 
quark masses can be neglected. Based on the premise 
that QCD belongs to this class, theoretical development 
of AdS/CFT to QCD, often referred as "AdS/QCD" or 
"holographic QCD" , has been very popular in recent 
years. The resulting AdS/QCD model gives predictions 
for hadron spectroscopy J2| and a description of the quark 
structure of hadrons |3L|4j which has scale invariance and 
dimensional counting [5J at short distances, together with 
color confinement at large distances. 

The AdS/QCD correspondence is particularly relevant 
for the description of hadronic form factors and also pro- 
vides a convenient framework for analytically continu- 
ing the space-like results to the time-like region. The 
form factors have been studied within the holographic 
approach jj , and the connection between the AdS/QCD 
approach [3, Q and the usual light-front formalism for 
hadronic form factors was proposed in 6] and dis- 
cussed in 0] • Some other recent applications of different 
AdS/QCD models (hard- wall or soft-wall models)to the 
form factors of hadrons can be found in [1, [l(| [ll|, [l^] • 
In AdS/QCD one breaks the conformal symmetry by 
impeding the ability of the field ^(x,z) to penetrate 
deeply into the bulk, which leads to an explanation of 
confinement and more generally constrains the model's 
infrared(IR) behavior. This may be accomplished by im- 
posing a hard cutoff and appropriate boundary condi- 
tions on ^f(x,z) at some finite value of fifth dimension 
z = z [|[ (hard- wall model) or by imposing a soft IR 
cutoff with an oscillator-type potential in the action for 
large z [l3j (soft- wall model). 

The connection between the AdS/QCD and the light- 
front approaches allows one to compute the analytic form 
of frame-independent light-front wavefunctions ipn/h of 
hadrons in physical space-time [6j , thus providing a rela- 
tivistic description of hadrons in QCD at the amplitude 
level. The pion electromagnetic form factor has been 



exemplified by AdS/QCD, in particular, the power-law 
behavior of the form factor F 7T (Q 2 ) ~ 1/Q 2 is well re- 
produced by the soft-wall AdS/QCD model(or Gaussian 
model) H. The key ingredient in this correspondence 
is the conformal symmetry valid in the negligible quark 
mass. Using the connection between the AdS/QCD 
and the light-front approaches in the calculation of the 
hadronic form factors [H, we calculated [lij the pion 
form factor in our light-front quark model(LFQM) taking 
into account a momentum-dependent dynamical quark 
mass. We confirmed that the power-law behavior of 
the pion form factor is indeed attained by taking into 
account a momentum-dependent dynamical quark mass 
which becomes negligible at large momentum region. 
Our result [lij was consistent with an important point 
of AdS/QCD prediction, namely, the holographic wave- 
function contains the contribution from all scales up 
to the confining scale. We also have shown that the 
broader shape of the pion distribution amplitude in- 
creases the magnitude of the leading twist perturbative 
QCD(PQCD) predictions for the pion form factor by a 
factor of 16/9 compared to the prediction based on the 
asymptotic form. Very recently, Brodsky and de Tera- 
mond (lOj extended their AdS/QCD model to obtain the 
time-like pion form factor by doing analytic continua- 
tion of the space-like result to the time-like region. How- 
ever, the dispersion relation of the time-like form factor 
F(q 2 ) = ReF(q 2 ) + ilmF(q 2 ) has not yet been analyzed 
explicitly. We thus show in this work that the time- 
like form factor obtained by the analytic continuation of 
the space-like form factor correctly satisfies the disper- 
sion relation. Working in the framework of the LFQM 
that takes into account a momentum-dependent dynami- 
cal quark mass 

.14] , we further extend our previous anal- 
ysis of the space-like pion form factor to the time-like 
region and compare with the result obtained from the 
AdS/QCD model Our comparative analysis reveals 
the effects from the quark spin and dynamical mass. 

The paper is organized as follows. In Sec. II, we 
present the soft contribution to the pion form factor us- 
ing the LFQM. In Sec. Ill, we present the space- and 
time-like pion form factor in the conformal symmetry 
limit. We also compare our LFQM results with the soft- 
wall AdS/QCD model calculation to investigate the 
quark spin structure inside the pion. In Sec. IV, we 
show our numerical results of both space- and time-like 



2 



pion form factor. The direct calculation of the pion form 
factor is shown to be in excellent agreement with the re- 
sult obtained from the dispersion relation. Summary and 
conclusion follow in Sec. V. 



II. PION FORM FACTOR IN LFQM 

The elastic pion form factor is related to pion electro- 
magnetic current by the following equation: 



(PV M (0)|^> = {P' + PYF„(Q 2 ). 



(1) 



As usual, our calculation will be carried out using the 
Drell-Yan-West ha,me(q + =q° + q 3 =0) where q 2 = (P — 



P') 2 = q + Q~ — ql = —Q 2 , i-e- Q 2 > is the space-like 
momentum transfer. In this frame, the matrix clement 
of the current can be expressed as convolution integral in 
terms of the light-front wavcfunction and the pion form 
factor can be written for the "+" -component of the cur- 
rent J p as follows(see [l5[ for more detailed calculation): 
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where k'^ = k^ + (1 — x)q± and the factors m 2 and k^ • 
k'j^ in the numerator come from the ordinary helicity(A+ 
A = 0) and the higher helicity(A + A = ±1) components 
of the spin-orbit wave function lZ xx (x, kj_), respectively. 
Here, the explicit form of lZ X \(x, kj_) is obtained by the 
interaction-independent Melosh transformation [161 ] from 
the ordinary equal-time static spin-orbit wave function 
assigned by the quantum numbers J PC = h . The 
radial wave function is given by 



the spacelike momentum region has been discussed in 
lattice QCD [18[ as well as in other approaches such 
as Dyson-Schwinger [l9|, [2(| and instanton mod- 
els. Also, the difference between spacelike and time- 
like meson form factors at large momentum transfer was 
discussed in the framework of PQCD with Sudakov ef- 
fects included [22]. Matching between the low momen- 
tum LFQM prediction and the large momentum PQCD 
prediction is a highly nontrivial task which goes be- 
yond the scope of our present work. Nevertheless, as 
we discussed in [l4j], one should understand to as a 
function of Q 2 in principle although in practice m(Q 2 ) 
for the low Q 2 phenomenology can be taken as a con- 
stant constituent quark mass. In our previous analy- 
sis [lij , we took the simple parametrization of the quark 
mass evolution m(Q 2 ) in space-like momentum region as 
m(Q 2 ) = m + (TO c -m )(l + e-°- 2 )/[l + eW 2 - - 2 )], where 
rno = 5 MeV and m c = 220 MeV represent the current (at 
high Q 2 ) and constituent (at low Q 2 ) quark mass, respec- 
tively. In this work, we take the same phenomenological 
form of m(Q 2 ) used in (l4| . 

We note pj] that <f> R {x, k ± )(f> R (x, k' ± ) in Eq. © 



provides a mass-dependent weighting factor e •mi-*)^ 
which severely suppresses the contribution from the end- 
point region of x — + and 1 unless to — * 0. This weight- 
ing factor leads to the gaussian fall-off of F 7T (Q 2 ) at high 
Q 2 region for the constant constituent quark mass which 
breaks the conformal symmetry. When the conformal 
symmetry limit (to — > 0) is taken, however, there is no 
such suppression of the endpoint region and the high Q 2 
behavior of the form factor dramatically changes from 
a gaussian fall-off to a power-law reduction. In the next 
section, we shall elaborate the pion form factor to explain 
why the power-law behavior attained in our Eq. © is not 
accidental but a consequence of the constraint taken from 
the conformal symmetry. 



(j> R (x,k±) 



1 



7T 3 / 2 /? : 



exp(-fc 2 /2/3 2 ), 



(3) 



III. SPACE- AND TIME-LIKE PION FORM 
FACTOR IN CONFORMAL SYMMETRY 



where the gaussian parameter (3 is related with the size 
of pion and the three momentum squared k 2 can be rep- 
resented by the light-front (LF) variables, i.e. 



P= - TO 2 , 



4x(l - x) 



(4) 



for the quark mass m u = m c i = to. For additional fac- 
tor yjdk z jdx to the radial wavefunction 4>r(x, kj_) (sim- 
ilarly yj dk' z /dx to <j> R (x, k'j_)) is the Jacobian of the 
variable transformation {x,kj_} — > k — (kj_ , kz ) due to 
the normalization of the radial wavefunction 17]. For 
the low momentum transfer phenomenology in LFQM, 
it is customary to take a constant constituent quark 
mass rn as a mean value of the momentum dependent 
dynamical quark mass at low momentum region. The 
momentum dependence of the dynamical quark mass in 



In order to facilitate our calculation, we change the 
momentum variables as lj_ = kj_ + (1 — x)q±/2 and £ 2 = 
(1 - x) 2 q 2 L /4. Then, the pion form factor(Eq. ©) in the 
conformal symmetry limit (to — * 0) is obtained as 
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2tt 3 / 2 /3 3 



xexp 



dx 
Jo 

l 2 ^ C 2 



dli 



dcf>JM 



4l3 2 x(l-x) 



(5) 



where <f> is the cosine angle between 1_l and q^. The 
Melosh factor M. coming from the spin structure of the 
pion and the product of two Jacobi factors J are given 
by 

M = ^ k '^= ..... i^g ,(6) 



41 2 L ^ 2 cos 2 
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and 



J = 



dk z 
dx 



dx 



41^ 2 cos 2 0] 1 / 4 



4[a?(l - x)fl 2 



(7) 



respectively. The exponential function in Eq. ((5|) comes 
from the product of two radial wave functions 4>r(x, kj_) 
and (f> R (x,k.'±). 

For the quark spin s = 1/2 case, all of the factors 
J, M and 4*r(x, \s.±_)4>r{x, k'jj should be kept in Eq. (0) 
and the pseudoscalar pion form factor respecting confor- 
mal symmetry(m = 0) behaves as F^ -1 ^ 2 '(Q 2 ) oc 1/Q 4 
at large Q 2 . For the scalar quark (s = 0) case, how- 
ever, the Melosh factor is turned off (i.e. A4 = 1) and 
the corresponing pion form factor in the conformal limit 
(to = 0) behaves as F°=°{Q 2 ) cx 1/Q 2 . The latter case 
{F°=°{Q 2 ) oc 1/Q 2 ) is shown [3] to be equivalent to 
the soft-wall AdS/QCD result at large momentum trans- 
fer 0,[T|. 

Let us now explore more of the spin and mass evolution 
effects to the pion form factor in space- and time-like 
regions. In the conformal limit (m = 0) of the scalar 
quark (i.e. M. = 1 in Eq. |5])) case, the form factor 
F£ =0 (Q 2 ) after the </)- integration has the following form 



4/3 3 



dx 



[x(l 



X)]3/ 2 

1 1 

4' 2 



dl 2 e 



41U 2 



(8) 



where 2-^1 (a, b, c; x) is the hypergeometric function with 
the range of convergence < 1 and x = 1, for c > a + b, 
and x = — 1, for c>a + b—l. Changing the variables in 
Eq. © as \\ = tan 2 and 41 2 L £ 2 /(1 2 L + £ 2 ) 2 = sin 2 20, 
we obtain 



(Q ) 



2\3/2 



16/3 3 
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xe W 



c%(0) 
(9) 



where g{9) = {sin 9/ cos 4 0) 2 F 1 {-l/i, 1/2, 1; sin 2 20). 

After the x-integration, we could further reduce Eq. (J9j) 
to the following 1-dimensional form 



Fr°m- 



(Q ) 



2\3/2 i-tt/2 



16/? 3 Jo 



d9g{9) 

-l(3 + 2z) e 2 r(i z))a Ll), 



where z = Q 2 /16/3 2 cos 2 and T{h,z) = y / 7rErfc(z). Here 
the incomplete gamma function, r(|, z), has a branch cut 
discontinuity in the complex z plane running from —00 to 
0. This is the reason why the pion form factor is complex 
in time-like region(g 2 = — Q 2 ) but real in space-like re- 
gion. We now obtain the time- like form factor F 7T {q 2 ) by 



changing Q 2 to — q 2 in the form factor given by Eq. (|10p 
where the imaginary part is obtained as 



lm[Fr°{q 2 )} 



32/3 3 



d9g{9)(3 ~ 2z')e 



where z' = g 2 /16/3 2 cos 2 0. 

We find numerically that Eq. ((8]) is equivalent to 
the soft-wall AdS/QCD result in the large Q 2 limit 
where the unconfined bulk-to-boundary propagator can 



be used II OH. i.e. 



^AdS/QCD 
(u.c.) 



{Q 2 ) = £ dxexp[-(l 
x)Q 2 /4k 2 x] (see Eq.(E.8) in [10]). This leads to the fol- 
lowing analytic form in the space-like region 



F, 



AdS/QCD 
(u.c.) 



(Q 2 ) 



\k 2 



(12) 



where the subscript (u.c.) denotes the result of the un- 
confined current decoupled from the dilaton field. The 
imaginary part of the time-like F^^^ CD (q 2 ) is given 
by 



Im[F AdS/QC V)] 



-irq 



An 2 



(13) 



In the time-like region, the following dispersion relation 
should be satisfied 



7T JO T-% 



(14) 



where P denotes the Cauchy principal value. 

In our numerical calculation, we find that the equiv- 
alence between our F£ =0 {Q 2 ) in conformal(m = 0) 

limit and F^f^ GD {Q 2 ) is achieved by matching our 
f3 = 0.173 GeV with k = 0.4 GeV in :T3](i.e. k ~ 
2.3/3). Comparing the gaussian dependence of our model 
wave function *(x,k x ) ~ y/MJdxe-^ 2 ^ 2 ^ 1 -^ 
in m = limit and the unconfined version of the 
soft-wall AdS/QCD model wave function ^(x,kj_) ~ 
e -k x /2/s x ( 1 ~ :z: )/ v /a;(l - x) [loj], we understand the re- 
lation between [3 and k which is not exactly k = 2/3 
but k ~ 2.3/3 due to the different free factors. Other 
than such fine details, they arc essentially equivalent to 
each other. The pion form factor in Eq. (|12[) respecting 
the conformal symmetry shows the power-law behavior of 
Fk{Q 2 ) -> 4k 2 /Q 2 at large Q 2 (> k 2 ). The equivalence 
between our result without the Melosh factor in Eq. ([8]) 
and that of the soft- wall AdS/QCD model in the large 
Q 2 limit given by Eq. (fT2|) is assured when our LFQM 
respects the conformal symmetry. 

We note that the authors in [10| also derived the pion 
form factor in the presence of a dilaton field in AdS space 
and presented the analytic solution of the modified wave 
equation for the confined bulk-to-boundary propagator. 
This corresponds to the well-known vector dominance 
model(VDM) with the leading p resonance, i.e. 



F, AdS / QC °(Q 2 ) 

{con j ined) v ^ / 



4k 2 



4k 2 + Q 2 



(15) 
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In the timelike region, one may modify Eq.(fl5l) to intro- 
duce a finite width (e.g. T — 100 MeV in [lCj]) to compare 
with the pion form factor data near the p peak. 

Although the analytic solution for the soft-wall uncon- 
fined current (Eq. I|12|) ) is not much different from that 
for the soft- wall confined current (Eq. (115|) ) at large mo- 
mentum transfer, the latter solution fits the low Q 2 re- 
gion much better than the former one. This implies that 
the dilaton background only affects the low Q 2 region 
but shows the same 1/Q 2 power-law behavior of the pion 
form factor as that for the unconfined current. In our 
LFQM analysis, we consider both spin and mass evolu- 
tion effects from the constituent quark and discuss the 
corresponding power-law behaviors in the pion form fac- 
tor. 

In order to see the spin effect on the pion form factor, 
we should include the Melosh factor M. given by Eq. ([6]) . 
In this pseudoscalar(s = 1/2) case, the pion form factor 

F^~ x ^ 2 {Q 2 ) given by Eq. © has the following form 
4/3 3 0F7 o [x(l - x)} 3 / 2 J 

x ii-e 2 F (i i . 4ijf \ 

after the ^-integration. Following the same procedure 
as in the case of scalar pion case, we obtain the pseu- 
doscalar pion form factor F^~ X ^ 2 (Q 2 ) in conformal limit 
by changing g{8) in Eq. (^(and Eq. (JTTJ>) to g'{6) = 
-(sin6lcos26l/cos 4 6l)2Fi(l/4,l/2,l;sin 2 26l). We should 
note that the Q 2 behavior of F^ -1 ^ 2 (Q 2 ) is quite dif- 
ferent from that of F£ =0 (Q 2 ) since the 9 variable is re- 
lated with the light-front momentum variables (x, kj_) as 
well as the momentum transfer Q 2 . As discussed earlier, 
the pseudoscalar pion form factor behaves F^~ 1 ^ 2 (Q 2 ) oc 
l/Q 4 at large Q 2 compared to the scalar pion case, 

Fr°{Q 2 ) = ^(^(Q 2 ) « VQ 2 - In Fig.El we show 
the spin effect on the space- and time-like form factor 
respecting conformal symmctry(m = 0) in the range of 
— 2GeV 2 < Q 2 < 2GeV 2 . Upper and lower panels repre- 
sent the scalar (s = 0) and pseudoscalar (s = 1/2) pion 
cases, respectively. For a fixed Q 2 value, 8 approaches 
to and 7r/2 for the low and high transverse momentum 
square , respectively. Fig. [1] reveals that the high k^ 
region contributes more to the form factor than the low 
k^_ region. This feature is more enhanced by the spin 
effect as one can see from the comparison between the 
upper and lower panels of Fig. [TJ Only after the 9 in- 
tegration, we are able to check the dispersion relation 
between the real and imaginary parts of the form factor 
as we show in Fig. [5j 

So far, we discussed the spin effect on the pion form 
factor in the conformal limit. In the rest of this section, 
we discuss the pion form factor given by Eq. ([2]) consid- 
ering the momentum-dependent dynamical quark mass 
m(Q 2 ) used in our previous work [14j |. Unlike the mass- 
less quark case, it is not so easy to analyze the time-like 




FIG. 1: Spin effect on the space- and time-like pion form 
factor respecting conformal symmetry(m = 0) in the range 
of — 2GeV 2 < Q 2 < 2GeV 2 . Upper and lower panels repre- 
sent the scalar(s = 0) and pseudoscalar (s = 1/2) pion cases, 
respectively. 

region with Eq. JS]) by doing analytic continuation due to 
the functional form of m(Q 2 ) taken. Nevertheless, as one 
can see from Fig. [51 we find that Eq. @ with m — m(Q 2 ) 
is well approximated by the following analytic form up 
to intermediate space-like momentum transfer region: 

M 2 

F-«2 2 )(Q 2 ) ~ Q2 + P M2 K = °(Q 2 ), (17) 

where M p is the physical mass of the p meson. For con- 
venience, we shall call the right-hand-side of Eq. (fT7|) 
as the modified soft-wall AdS/QCD result with p pole. 
We thus use the modified soft-wall AdS/QCD result 
with p pole as an approximate solution to the time-like 

pion form factor F™^ q \q 2 ) with the dynamical quark 
mass. We should note in the calculation of the time- 
like pion form factor from Eq. (TIT)) that M 2 is replaced 
by A4 2 — M 2 — iM p T(q 2 ) in the denominator where 
M p = 776 MeV and T = 120 MeV to compare with 
the time-like pion form factor data near the p peak. 

IV. NUMERICAL RESULTS 

In this section, we compare our results for the space- 
and time-like form factor with the experimental data. 
We also show that our direct calculation of the time-like 
form factor obtained by the analytic continuation from 
the space-like region is in excellent agreement with that 
obtained from the dispersion relation. 
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FIG. 2: Space-like pion form factor obtained from 

-FT (Q2) (<2 2 )[ Eq. ©] with the dynamical quark mass m(Q 2 ) 
(solid line) compared to the modified soft- wall AdS/QCD re- 
sult [Eq. (|17|l ] with p pole(dashed line). 



The model parameters used in our numerical calcula- 
tions are the followings: (3 = 0.173 GeV for F°=°(Q 2 ), 

k = 0.4 GeV for F^^ @, /? = 0.39 GeV for 

FT 1/2 {Q 2 ) GeV and F™ (Q2) (Q 2 )(see [l| for the details 
of phenomenological form of the quark mass evolution), 
and k — 3.2 GeV for the modified AdS/QCD result with 
p-pole. With these model parameters, we are able to 
show the equivalences F£ =0 (Q 2 ) ~ F^f^^^ (Q 2 ) and 



m(Q z ) 



(Q 2 ) 



rF*=°(Q 2 ). We obtain F™ iQ \q 2 ) 



K 

Q' J +M-f,- 

by systematically taking into account the spin and quark 
mass evolution effects to F£ =0 (Q 2 ) and verify the equiv- 
alence numerically modifying the form factor of the soft- 
wall unconfmed current (F^f^^ cr> (Q 2 )) with the em- 
pirical p-pole factor. We should note that the value of 
parameter k in the modified soft- wall AdS/QCD result 

can be drastically different from that of F^^^ GC \Q 2 ) 
due to the modification by the empirical p-pole factor. 
However, the physical observables are still comparable 
between the two models with and without the modifica- 
tion. For example, we obtain the pion decay constant 

U = 82.7 MeV for F™ iQ2) (Q 2 ) compared to 86.6 MeV 
for i^ d c S ( QCD (<2 2 ) with K = 0.4 GeV. 

In Fig. [31 we show the space-like behavior of Q 2 F 7T (Q 2 ) 
for < Q 2 < 4 GeV 2 region. The solid, dashed, dotted, 
and dot-dashed lines represent our LFQM result with 
the dynamical quark mass m(Q 2 ) in Eq.((2)(or equiva- 
lently modified soft-wall AdS/QCD model with p-pole in 



FIG. 3: Space-like behavior of Q 2 F n (Q 2 ) for < Q 2 < 4 
GeV 2 region. Data are taken from HJ [ll, [H, [H |27| . 



Eq. (|17[)). the pseudoscalar pion form factor F% ^ 2 (Q 2 ) 
with m = 0, the scalar pion form factor F£ =0 (Q 2 ) 
with to = 0(or eqivalently F AdS /Q CD w ith the uncon- 



fmed current in Eq. (fl 



(u.c.) 

and the AdS/QCD result 



^(ton/med)^ 2 ) witn tne confined current in Eq. (TTS]), 
respectively. Data are taken from [23], [U HH, [26|, 
which includes the most recent results from JLAB 
While our previous LFQM result OH!] with constituent 
constant quark mass to — 220 MeV shows the gaus- 
sian fall-off at high Q 2 region, all the lines in Fig. [3] 
show the power-law behaviors at the available Q 2 scale. 

Our Q 2 F™^ \Q 2 ) with the dynamical quark mass(solid 
line) fits the data not only for the very low Q 2 re- 
gion but also for the intermediate Q 2 region. Our 
Q 2 F^~ 1 ^ 2 {Q 2 ) (dashed line) is the result obtained by tak- 
ing to = in Q 2 F™ (q2) (Q 2 ). So the little difference be- 
tween the two results shows the dynamical quark mass 
effect in the pion. Similarly, the difference between the 

result of the AdS confined current Q 2 F, AdS {^ C ^(dot- 

^ [confined) ^ 

dashed line) and that of the AdS unconfmed current 

Q 2F t d c.) QCB (Q 2 ) - Q 2 Fr°(Q 2 ) (dotted line) in low Q 2 
region accounts for the effect of the dilaton field discussed 
in 0. 

In Fig. [4l we show the space-like behavior of F. K (Q 2 ) 
for low < Q 2 < 0.3 GeV 2 region. The same line 

codes are used as in Fig. [3) Our F„® \Q 2 ) (solid line) 
and ^(tofy^^Q 2 ) (dot-dashed line) for this low momen- 
tum transfer region are not only very close to each other 
but also go through the data quite well. However, both 
F^=°(Q 2 )(i.e. soft-wall AdS/QCD model with the un- 
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p(s=0)_ pAdS/QCD 
AdS/QCD 



J_ 



0.2 

QIGeV 2 ] 

2\ a ^ n2 ^ no r^^A 7"2 



FIG. 4: Space-like behavior of ^ (Q ) for < < 0.3 GeV 
region. Data are taken from 23, 24[. 



confined current) and F% 1 ^ 2 (Q 2 ) with m — over- 
estimate the pion charge radius. From Figs. [3] and 2J 

we find that the low Q 2 behaviors between F„® \Q 2 ) 
and F(^onffned)(-Q 2 ) are Quite comparable to each other 
although the power-law behaviors at large momentum 
transfer region are different, i.e. F™^ \Q 2 ) ~ 1/Q 4 vs. 

F tonf?i^d)(Q 2 ) ~ 1 / ( 3 2 - Tllis ma y indicate a correspon- 
dence between the dilaton effect in AdS space and the 
spin and the mass evolution effects of constituent quark 
and anti-quark inside the pion. 

In Fig. [5J we show the pion form factor for both 



(Q 2 ) 



space- and time-like region obtained from F v 
O^Fr°(Q 2 ) (thick lines) and F^iQ 2 ) * 
-^ d c S (^ CD (Q 2 )(thm lines), respectively. The solid, dot- 
ted, and dashed lines represent |F T (g 2 )|, Re[F 7T (q 2 )], and 
lm[F n (q 2 )], respectively. The black circles and squares 

are the results of Re[i^=°(g 2 )] and Re[F™ (q2) (q 2 )] ob- 
tained from the dispersion relation given by Eq. (fl~4]) . 
Fig. [5] shows that our direct calculations are in an ex- 
cellent agreement with the solutions of the dispersion re- 
lation. Although F£ =0 (Q 2 ) in time-like region produces 
a p meson-type peak near q 2 ~ M 2 as in the case of 
our previous scalar field theory model [28[, it does not 
yield all the features of the vector meson dominance phe- 

nomena as F™ (q2 \q 2 ) ~ ^L^=°(Q 2 ) does. This 

indicates that the spin and mass evolution effects are cru- 
cial in generating the more realistic features of the vector 
meson dominance phenomena. 

In Fig. [5J we show the pion form factor for 
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FIG. 5: Space- and time-like pion form factor obtained 



from F™ {Q \Q 2 ) 



■Fr {Q ) (thick lines) and 



? AdS/QCD 
(u.c) 

the results obtained from the dispersion relation(black data) 



Fr°(g 2 



F? a °'^ u (Q a ) GeV(thin lines) compared with 




M /(Q~+M~ -iM T)(r=120 McV) 



( with width r= 100 MeV 
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FIG. 6: Space- and time-like pion form factor obtained from 



? m(Q 2 ) 



(Q 2 



Fn (Q ) (solid line), Fr°(Q 2 



' ' ° D (Q 2 ) GeV(dotted line), and F^J f l%(Q 2 ) (dot- 
respectively. The data are taken from [23l . l24l . 



F, 

(u.c.) 

dashed line 

m, m, us, [29i, i3 



|3l|,|32j. 
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both 



space- 



and 



•■(Q ) 



(Q 2 ) 



8=0 



(Q 2 ) 



time-like 

K 

— Q 2 +M 2 p 

j,AdS/QCD rn2 
(u.c.) 



region obtained from 
F°=°{Q 2 ) (solid line), 

(Q 2 ) GeV(dotted line), and 
(dot-dashed line), respectively. 



(confined) * 

The data in space- and time-like reg ions are taken 
from (SHI HE IS S3 and from US H HJ H2 , respec- 
tively. As one can see from Fig. [6j our F™^® \Q 2 ) an d 
^"(ton/me^Q 2 ) 13 exhibit more realistic p meson-type 
peak than F£ =0 (Q 2 ). Our LFQM analysis indicates that 

the difference between F™ iQ2) (Q 2 ) and F* =0 (Q 2 ) is 
due to the spin(i.e. Melosh factor) and dynamical mass 
evolution effects of the constituent quark and anti-quark 
inside the pion. Our result may also be compared to the 
difference between F, AdS/ f QC ° (Q 2 ) and F AdS { QCD (Q 2 ), 

(con f ined) / (u.c.) /' 

which is due to the effect of the dilaton field in AdS 
space [Icj . 



V. SUMMARY AND CONCLUSION 

We discussed a constraint of conformal symmetry 
in the analysis of the pion form factor. Working in 
the framework of the LFQM that takes into account a 
momentum-dependent dynamical quark mass [14| , we ex- 



tended our previous analysis of the space-like pion form 
factor to the time-like region and compared with the re- 
sult obtained from the AdS/QCD model [13]. We showed 
explicitly that the time-like form factor obtained by the 
analytic continuation of the space-like form factor cor- 
rectly satisfies the dispersion relation. Our comparative 
analysis between the scalar quark case (F£ =0 (Q 2 )) and 



the spin 1/2 dynamical quark mass case (F 7 



m(Q 2 ) 



(Q 2 )) 



indicates that the quark spin and dynamical mass effects 
are crucial to yield the realistic features of the vector 
meson dominance phenomena. 
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